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$EVWUDFW 'HVSLWH WUHPHQGRXV DGYDQFHV LQ WKH IXQGDPHQWDOV DQG DSSOLFDWLRQV RI FDYLW\
TXDQWXPHOHFWURG\QDPLFV&4('LQYHVWLJDWLRQVLQWKLVILHOGKDYHSULPDULO\EHHQOLPLWHGWR
RSWLFDOFDYLWLHVFRPSRVHGRISXUHO\GLHOHFWULFPDWHULDOV+HUHZHGHPRQVWUDWHDK\EULGPHWDO
GLHOHFWULF QDQRFDYLW\ GHVLJQ DQG UHDOL]H LW LQ WKH ,Q$V*D$V TXDQWXP SKRWRQLFV SODWIRUP
XWLOL]LQJ DQJOHG URWDWLRQDO PHWDO HYDSRUDWLRQ .H\ IHDWXUHV RI RXU QDQRPHWDOOLF OLJKWPDWWHU
LQWHUIDFHLQFOXGHLRUGHURIPDJQLWXGHUHGXFWLRQLQPRGHYROXPHFRPSDUHGWRWKDWRIOHDGLQJ
SKRWRQLF FU\VWDO &4(' V\VWHPV LL VXUIDFHHPLWWLQJ QDQRVFDOH F\OLQGULFDO JHRPHWU\ DQG
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$SURWRW\SLFDO FDYLW\ TXDQWXP HOHFWURG\QDPLFV &4(' V\VWHP WKDW FRQVLVWV RI DTXDQWXP
HPLWWHU4(LQDQRSWLFDOFDYLW\LVGHVFULEHGE\WKUHHUDWHVWKHHPLWWHUGHFD\UDWHȖWKHFDYLW\
ILHOGGHFD\UDWHțDQGWKHFRKHUHQWHPLWWHUFDYLW\FRXSOLQJUDWHg>@7KHFRKHUHQWFRXSOLQJ
UDWHVFDOHVDV  g Vv ZKHUHV LV WKHFDYLW\PRGHYROXPHDQGWKHUHIRUHLQFUHDVLQJILHOG
ORFDOL]DWLRQKDVORQJEHHQUHFRJQL]HGDVDSDWKWRERRVWLQJHPLWWHUILHOGFRXSOLQJVWUHQJWK>
@ )RU H[DPSOH ZKLVSHULQJ JDOOHU\ *D$V PLFURGLVN UHVRQDWRUV H[KLELW PRGH YROXPHV
a    V nO DQG FRXSOLQJ WR ,Q$V TXDQWXP GRWV ZLWK UDWH    a  g GHzS  >@ 3ODQDU
SKRWRQLF FU\VWDO QDQRFDYLWLHV SRVVHVV DQ RUGHU RI PDJQLWXGH VPDOOHU PRGH YROXPH
a    V nO ZLWKOLJKWPDWWHUFRXSOLQJVWUHQJWKVXSWR    a g GHzS >@
0RYLQJ EH\RQG WKLV QDQRSKRWRQLF &4(' UHJLPH DQG DFKLHYLQJ    g GHzS !
UHTXLUHV FRXSOLQJ D VLQJOH 4( WR D QDQRVFDOH FDYLW\ FKDUDFWHUL]HG E\ GHHS VXEZDYHOHQJWK
RSWLFDOFRQILQHPHQW>@:KLOHUHFHQWZRUNWKHRUHWLFDOO\GHPRQVWUDWHVWKHDELOLW\WRUHDFK
XOWUDVPDOO 9 ZLWK GLHOHFWULF FDYLWLHV >@ H[SHULPHQWDO HIIRUWV KDYH IRFXVHG SULPDULO\ RQ
QDQRPHWDOOLFFDYLWLHVDQGLQSDUWLFXODUSODVPRQLFFDYLWLHVWKDWFDQVKULQNWKHHIIHFWLYHRSWLFDO














GLVFXVV WKH IDEULFDWLRQ FKDOOHQJHV LQKHUHQW WR VXUIDFHHPLWWLQJ PHWDOGLHOHFWULF PDWHULDO
LQWHUIDFLQJ )LQDOO\ ZH GHPRQVWUDWH EURDGEDQG HQKDQFHPHQW RI WKH UDWH RI VSRQWDQHRXV
HPLVVLRQRID4'DVZHOODVVLQJOHSKRWRQHPLVVLRQDVDSURRIRIFRQFHSWIRUWKHSODWIRUP¶V
SRWHQWLDOIRUVWURQJOLJKWPDWWHULQWHUDFWLRQV7KHSURSRVHGSODWIRUPPD\SOD\DQLPSRUWDQWUROH







OHIW EDUH RQ WKH WRS VXUIDFH DV VKRZQ LQ )LJV D DQG E 7KLV QDQRSLOODU EHKDYHV DV D
F\OLQGULFDO ZDYHJXLGH ZLWK JXLGHG 7( DQG 70 PRGHV WKDW DUH FRQILQHG YHUWLFDOO\ E\ DQ
LPSHGDQFH PLVPDWFK EHWZHHQ WKH DLU ZDYHJXLGH DQG XQGHUO\LQJ VXEVWUDWH 7KLV PLVPDWFK
JLYHVULVHWRDZHDN)DEU\3HURWHIIHFWWKDWOHDGVWRDVWDQGLQJZDYHLQWKHYHUWLFDOGLUHFWLRQ
8VLQJWKHILQLWHGLIIHUHQFHWLPHGRPDLQ)'7'PHWKRGZHVLPXODWH WKHIXQGDPHQWDO7(
QDQRF\OLQGHUPRGHRID*D$VQ QDQRSLOODUZLWKU QPDQGK QPWKDW LV
VXUURXQGHGE\D$J>@ILOPDVVKRZQLQ)LJVFDQGG:HQRWHWKDWWKHLQSODQHILHOG
SURILOH PLPLFV WKDW RI WKH WH[WERRN F\OLQGULFDO ZDYHJXLGH ZKLOH WKH YHUWLFDO SURILOH
GHPRQVWUDWHVFRQILQHPHQWLQWKHWRSKDOIRIWKHSLOODUDVH[SHFWHGJLYHQWKHVPDOOHULPSHGDQFH
PLVPDWFKEHWZHHQWKHHIIHFWLYHLQGH[RIWKHZDYHJXLGHDQGDLU7KHSLOODUVXSSRUWVGHJHQHUDWH
Öx DQG Öy SRODUL]HG7(ZDYHJXLGHPRGHVEXWZHFRQFHQWUDWHRXUHQVXLQJGLVFXVVLRQRQRQH
SRODUL]DWLRQ )LQLWHGLIIHUHQFH WLPHGRPDLQ VLPXODWLRQV VKRZ WKDW WKH QDQRFDYLWLHV SRVVHVV
UHVRQDQFHVZLWKRSWLPDOTXDOLW\IDFWRU4aDQGXOWUDVPDOOPRGHYROXPHV a    V nO
DWWKHHPLVVLRQZDYHOHQJWKDFFRUGLQJWR          PD[  r rV E r dV E rZH ZHZ Z























)LJ  )'7' VLPXODWLRQ RI 3XUFHOO IDFWRU DV D IXQFWLRQ RI HPLVVLRQ









GHWDLOHG )'7' VLPXODWLRQV VKRZLQJ WKH PRGHGHSHQGHQFH RQ NH\ JHRPHWULF IHDWXUHV
QDQRSLOODUUDGLXVDQGKHLJKW
)LUVWZH LQYHVWLJDWH WXQLQJRI WKHUHVRQDQFHDVDIXQFWLRQRI WKHQDQRSLOODU UDGLXV7KH
UHVRQDQFHGUDPDWLFDOO\UHGVKLIWVIRULQFUHDVLQJUDGLXVFRQVLVWHQWZLWKDQLQFUHDVLQJZDYHJXLGH
HIIHFWLYHLQGH[DVVKRZQLQ)LJD+HQFHVPDOOUDGLXVPRGLILFDWLRQVFDQEHXWLOL]HGDVD
























WHUPLQDWHGF\OLQGULFDOZDYHJXLGH+HUH UHIUDFWLYH LQGH[RI WKHSLOODU LVQ FRUUHVSRQGLQJ WR*D$VDWD
WHPSHUDWXUHRI.LQ WKHVWXGLHGZDYHOHQJWKUDQJHDQG WKHSLOODUFRDWLQJ LV$JZLWKUHIUDFWLYH LQGH[IURP
RSWLFDOFRQVWDQWGDWD>@





3.1 Nanofabrication strategies and challenges 
7KH SURRIRIFRQFHSW VWUXFWXUH LV UHDOL]HG LQ WKH ZHOOHVWDEOLVKHG ,Q$V*D$V TXDQWXP GRW
SODWIRUP2XU4(LVDERXQGHOHFWURQKROHSDLUQHXWUDOH[FLWRQ;FRQILQHGLQDVHOIDVVHPEOHG





7KHPHWDOGLHOHFWULFQDQRFDYLW\ LVGHILQHG LQ WKH*D$VZDIHUXVLQJDN9HOHFWURQ
EHDPOLWKRJUDSK\V\VWHP-(2/)6DQGDSURFHVVEDVHGRQDQHJDWLYHWRQHHOHFWURQ
EHDPUHVLVWPD17KHKLJKDFFHOHUDWLRQYROWDJHDOORZVIRUUHVROXWLRQRIFLUFXODUSLOODUV

















OHDGV WRILHOG ORFDOL]DWLRQ LQDLUDQGKHQFHGLPLQLVKHG LQWHUDFWLRQZLWKHPEHGGHGVROLGVWDWH
4(VDW WKHLU IUHTXHQFLHVRIHPLVVLRQDVVKRZQ LQ)LJE&RQYHQWLRQDOHOHFWURQEHDPRU














SKHQRPHQRQ HYHQ IRU IXOO\ HPEHGGHG VWUXFWXUHV :H SURSRVH WKDW RXU VFKHPH IRU DQJOHG
URWDWLRQDOGHSRVLWLRQEHXVHGIRUDQ\GHYLFHUHTXLULQJDFRQIRUPDOPHWDOFRDWLQJ
3.2 Optical characterization and photon statistics measurements 
)RUWKHIROORZLQJPHDVXUHPHQWVWKH,Q$VTXDQWXPGRWLVFRQWDLQHGZLWKLQD*D$VQDQRSLOODU
RIUDGLXVUa±QPDQGKHLJKWKaQPWKDWLVVXUURXQGHGE\D$JILOP7KH4'LV
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WKHSKRWRQLFGHQVLW\RI VWDWHV ,Q VRPHRI WKHQDQRPHWDOOLF FDYLW\GHYLFHV QRWXVHG IRU WKH
SUHVHQWHGH[SHULPHQWVVLJQLILFDQWEURDGHQLQJRIDOOWUDQVLWLRQVVXJJHVWVWKDWWKHTXDQWXPGRWV
ZHUHORFDWHGLQFORVHSUR[LPLW\WRWKH*D$V$JLQWHUIDFH




KFROS a  RI SKRWRQV %H\RQG WKLV LPSURYHPHQW LQ FROOHFWLRQ HIILFLHQF\ DQ\ IXUWKHU
HQKDQFHPHQW SURYLGHG E\ WKH QDQRPHWDOOLF FDYLW\ UHODWLYH WR D EDUH SLOODU LV VXEVHTXHQWO\
HYDOXDWHGDVD3XUFHOOHIIHFW:HQRWHWKDW)'7'VLPXODWLRQVVKRZERWKWKHFDYLW\DQGDEDUH









PRGHO ZLWK WKH IRUP        SATP PSAT BG LINCPS CPS CPS P CPS e JLYHV
            uBG LIN SATCPS CPS CPS P nW nW 7KHFRQVWDQWEDFNJURXQG
FRPHVIURPGHWHFWRUGDUNFRXQWVZKLOHOLQHDUEDFNJURXQGLVGXHSULPDULO\WROHDNDJHIURPWKH
SXPSODVHU&RQVLGHULQJWKDWZHXWLOL]HSXOVHGH[FLWDWLRQZLWKUHSHWLWLRQSHULRGPXFKORQJHU






WKHRUHWLFDO FRXQW UDWH RI N&36 IRU DQ 0+] UHSHWLWLRQ UDWH ODVHU :H DWWULEXWH WKH




,Q )LJ F PHDVXUHPHQW RI WKH LQWHQVLW\ DXWRFRUUHODWLRQ IXQFWLRQ
         I t T tg t IW W  ILOWHUHG RQ WKH QHXWUDO H[FLWRQ OLQH ;F IRU TXDVLUHVRQDQW











 BulkW  r QVYLDSXOVHGH[FLWDWLRQRIDQH[FLWRQLQDODUJHQRQPHWDOOL]HGQDQRSLOODU
GHYLFHDQGLPDJLQJRQDVWUHDNFDPHUDLQWKHLQVHWRI)LJG1H[WZHSHUIRUPHGWKHVDPH
PHDVXUHPHQWIRU WKHH[FLWRQFRXSOHGWRWKHPRGHRIRXUQDQRPHWDOOLFFDYLW\:HREVHUYHD

















VSRQWDQHRXV HPLVVLRQ UDWH PRGLILFDWLRQ YLD PHWDOOLF FRQILQHPHQW )XUWKHUPRUH ZH
GHPRQVWUDWHGDPHWKRGIRUFRQIRUPDOPHWDOGHSRVLWLRQHYHQIRUVWUXFWXUHVWKDWUHTXLUHDEDUH













0DU\ )RQJ 6WDQIRUG *UDGXDWH )HOORZVKLS 6*) .$) DFNQRZOHGJH VXSSRUW WKURXJK WKH
1'6(* DQG /X 6*) 70% DFNQRZOHGJHV VXSSRUW WKURXJK WKH 1DQRVFDOH DQG 4XDQWXP
6FLHQFH DQG (QJLQHHULQJ 3RVWGRFWRUDO )HOORZVKLS DW 6WDQIRUG :H DUH JUDWHIXO WR 3URI -LP
+DUULV6WDQIRUG8QLYHUVLW\IRUXVHRIKLV0%(IDFLOLWLHV$OVRZHDFNQRZOHGJH5LFK7LEHULR
&OLII .QROOHQEHUJ DQG 7RP &DUYHU ZLWK WKH 6WDQIRUG 1DQR 6KDUHG )DFLOLWLHV 616) IRU
DVVLVWDQFHLQIDEULFDWLQJVDPSOHV
